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I. INTRODUCTION 
A. Scope of this Investigation 
The study of distribution of metals between liquid 
zinc and liquid lead was undertaken as a fundamental study 
of liquid metallic solutions. The aim of this study was 
to contribute both to the practical as well as theoretical 
knowledge of liquid metallic solutions. 
The zinc-lead solvent system was chosen because of 
the relatively low temperatures at which both metals are 
molten. In addition, thermodynamic data were available 
for a number of solutes in liquid lead and zinc. The 
distribution coefficients of the following metals were 
studied: tin, copper, gold, manganese, iron, cobalt, and 
nickel. The results of the investigation of the .distri­
bution of silver between liquid zinc and lead have already 
been reported (1,2). 
Some thermodynamic properties for the transfer of 
these metals from the lead phase to the zinc phase have 
been determined. In particular, it was of interest to 
determine the enthalpy of transfer, A%, which affords 
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a convenient way of determining the relative partial 
molar enthalpy of the solute in one phase if that in the 
other is known. In addition, it also was of interest to 
observe how the atomic size, valence, and electronegativ­
ity of the solute affect the magnitude and temperature 
variation of the distribution coefficients. 
B. Historical Background 
Distribution, as the name implies, involves the par­
tition of a solute between two phases which are immiscible 
in each other. Generally, at least one of the phases is a 
liquid, the other a liquid or a solid. 
The distribution law was introduced by Berthelot and 
Jungfleisch (3) and Berthelot (4) in 1872 and is given in 
its simplest form by: 
C in A 
> 1 
C' in B 
where is the distribution coefficient and the G's are 
the concentrations of the solute in phases A and B. It 
states that a solute will distribute itself in such a way 
that at equilibrium the ratio of concentrations in the two 
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phases is constant at a given temperature and is independ­
ent of the absolute amount of the two phases. The original 
form of the distribution law applies to systems in which 
the solute obeys Henry's Law in both phases. Except for 
dilute solutions, few such cases exist and it has been 
necessary to modify the distribution law. For example, 
Rie eke (5) used a thermodynamic approach by considering 
the distribution equilibria in terms of the chemical poten­
tial of the solute. Nernst (6) called attention to the 
fact that the simple distribution relationship holds only 
if the solute on dissolving undergoes no change such as 
dissociation, association, or chemical reaction with either 
or both of the solvents. If the solute does undergo any 
of these changes, then the distribution coefficient must 
be given as the ratio of the concentrations of the same 
species in each phase. With the introduction of the term 
"activity" by G. N. Lewis (7), the distribution equilibria 
could be expressed in terms of activities or activity 
coefficients of the solute, as, for example, given by 
Lewis and Randall (8). This formulation of the distri­
bution coefficients is the one which is most convenient 
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to use. Thus, 
or 
Kd = X c 3 
% = 
where the a1 s and ^  1 s are the activities and activity-
coefficients respectively of solute C in phases A and B. 
Equation 2 is used where different standard states of 
the solute are chosen in each phase, while Equation 3 
is used when the same standard states are chosen. 
C. Thermodynamics 
The reaction involved in the distribution equilibria 
can be represented by the equation 
Solute (in A rich phase) ^  • s Solute (in B rich phase). 4 
The distribution equilibria are best discussed in terms of 
the chemical potential of the distributing substance. Let 
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yH A be the chemical potential of a substance* in phase A 
and /A/ ® be the chemical potential of the same substance 
in phase B. Furthermore, let ft* °$A and ft* °*B be the 
chemical potentials of the solute in respective standard 
states. 
Thus, 
/A. A = /A °»A + RT In aA 
and 
/AB = /V»°lB + RT In aB. 5 
When the solute is at equilibrium its chemical potential is 
equal in both phases. Thus, 
^a.a - fx B 
and 
M °-B = 1„ a=_ 6 
RT aA 
The distribution coefficient takes on different forms, de­
pending on the choice of standard states. For instance, 
* In this discussion the superscript will refer to the 
phase. The subscript, which usually denoted the substance 
in question, will be omitted here, because the thermody­
namic quantities in question will refer exclusively to the 
solute. 
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if the solute is referred to the same standard state in 
both phases, then the left side of Equation 6 becomes 
identically zero and consequently the activities of the 
solute are equal in both phases. Hence, 
aA = a&, 7 
NA^ = NB)J B 8 
and 
= nL - Kd 9 
nA 
where the ^ 's are the activity coefficients, and the N's 
are the mole fractions of the solute in each phase. On 
the other hand, if the standard state of the solute is dif­
ferent for the two phases, as when it is chosen so that 
the activity coefficient of the solute becomes unity at 
infinite dilution in each phase, then the left side of 
Equation 6 is equal to a constant, therefore, 
aB 
Kj — In a 10 
and 
B xtB ^ B 
* 
a" =Nf4 
Kd aA NA V A * 11 
7 
It can be seen that in the former case the calculation 
of the activity coefficient of the solute in one phase 
is very easy when that in the other is known, whereas 
this is not necessarily true for the second case. 
The chemical potential of a substance is sometimes 
referred to as partial molar free energy, i.e. 
= F = F° + RT In a. 12 
The change in the partial molar free energy, as well as 
other partial molar quantities, associated with the re­
action 4 can be defined as transfer quantities, denoted 
by the subscript, T: 
AFj = (FB - F°'B) - (P4 - ?°»A) = RT In , 13 
Aftj - (HB - H°'B) - (5A - H°'A) 14 
and 
ASt = (SB - S°'B) - (SA - S°'A). 15 
In addition, partial molar excess quantities of transfer 
can be defined as 
AFÏX = (FX,B - F°'B) - (FX,A . F°'A) 16 
8 
= (F1»5 - H0»5) - @X»A - H°'A) 17 
= (S21'8 - S°>B) - (SX»A - S°>A). 18 
These transfer quantities are related to each other by 
2^ Frji = - T AS<p 19 
and 
= aÏÇ - TAS* 20 
The partial molar transfer quantities are related to the 
partial molar excess quantities by 
21 
where AG is any thermodynamic function and the superscripts 
i and x refer to ideal and excess respectfully. In this 
particular case = AH^, since = 0 by definition. 
It can be inferred from 5 and 12 that = 0 if the solute 
is referred to the same standard state in both phases. 
Thus, 
A Hip — T A Sij, . 22 
The partial molar enthalpy of transfer, H%, can be calcu­
lated by 
i!5! 
è (ï) 
AHrp — AH^, . 23 
9 
—x V ® fjA 
Now, = RT In —v—5 = RT In —g— = -RT In K&. 24 
X 
Thus, ^ (-R ln^Kd) = 25 
J Ct) 
and & I* Kd = ^T . 26 
3TT RT2 
Equation 26, known as the van't Hoff reaction isobar, 
defines the temperature coefficient of In K^ in terms of 
the enthalpy of transfer A Ht and the temperature T. To 
solve Equation 26 for In K^, the equation must be inte­
grated: 
Hm 2. 
In K(j = - — 4. constant. 27 
R T 
When the temperature interval considered is not very large, 
^ Hj may be considered to be constant over the interval. 
The enthalpy of transfer A ftp can be evaluated from 
the slope of the line obtained from a plot of In vs. 1/T. 
The Hf represents the difference between the relative 
partial molar enthalpies of the solute in the two phases. 
If the two phases are completely immiscible, AHj can be 
calculated by independent means if the relative partial 
molar enthalpies of the solute are known in solvent A and 
10 
in solvent B. On the other hand, there often is some 
mutual solubility of the two solvents, as in the case of 
zinc and lead. In many cases, it can be assumed that the 
mutual solubility does not affect the relative partial 
molar enthalpies of the solute and that, as a first approx­
imation, A can be calculated from the binary relative 
partial molar enthalpies of the solute. 
The excess entropy for the transfer of the solute from 
one phase to the other can be calculated from 
— —x 
—x - AF 
*ST 3Li 
= ASt -f R In Kd. 28 
It follows that AS^i = -R In 
—i A Ftp 
or AST = —-— . 29 
—x 
An insight into the nature of ^  S-p can be obtained by 
substituting Equation 27 into Equation 28. We see that 
-x 
= RC = constant 30 
or 
c — 
-x 
Thus, S-p can be obtained from the intercept of the line 
11 
In Kjj = A + B/T. Equation 28 can now be written: 
A 1  ^Srji 
ln Ka= - ~T~ T+~T~ • 31 
It can be seen that from distribution coefficients and 
their temperature dependence the following thermodynamic 
- — —x —x 
quantities can be easily obtained: AH^, AF-p, AS^, 
-i 
and AST. Other thermodynamic quantities can be derived at 
will from the ones given here. 
D. Practical Applications 
Although both of the phases could be solids, experimen­
tally. it is easier to study distribution between a liquid 
and a solid or between two liquids. Numerous studies of 
distribution between a liquid and a solid have been done 
recently in connection with research on semiconductors (9, 
10, 11, 12, 13, 14, 15). In particular, data have been ac­
cumulated on the distribution coefficients of many elements 
between solid and liquid germanium and silicon. Aside from 
theoretical interest, knowledge of distribution coefficients 
has been of paramount importance for purification purposes 
via the zone melting technique as well as for control of com­
position of the impurities by freezing methods. At a given 
12 
temperature, the equilibrium distribution coefficient is 
simply the ratio of the solidus and liquidus compositions. 
Most studies of distribution coefficients between two 
liquids have involved distribution between aqueous and 
organic phases. Since the initial statement of the dis­
tribution law by Berthelot, a considerable amount of data 
has been accumulated on these systems. As opposed to the 
extensive work done on aqueous and organic phases, very 
little work has been done in determining distribution coef­
ficients in metallic systems. The distribution coefficients 
have been used either as an aid to the solution of metal-
metal extraction problems, such as the removal of fission 
products from reactor fuels, or in studies of distribution 
of metal between mattes and slags in extractive metallurgy. 
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II » EXPERIMENTAL METHODS 
A. Apparatus 
The main task in determining distribution coefficients 
is to determine the equilibrium concentration of the solute 
in the zinc and the lead phases by an adequate sampling 
technique. An apparatus has been devised to sample the 
phases by means of specially designed glass pipettes as 
described by Kontrimas (1) and Peterson and Kontrimas (2). 
Briefly, the technique consists of inserting the glass 
pipettes into each phase and withdrawing the metal samples 
by suction. However, because the glass pipettes have a 
sintered glass filter, this sampling technique is limited 
J 
to temperatures below 550°C. Above this temperature the 
glass filters become soft which closes the pores of the 
filter. This method was used for the study of copper. 
A method of sampling which involved quenching was 
used to determine the distribution coefficients of the 
other metals and of copper above 550°C. In this method, 
the zinc, lead, and solute metals were placed in sealed 
capsules. The capsules were then placed in a specially 
designed stainless steel tube which fits in a tube furnace. 
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The furnace assembly, with the sample capsules, is shown 
in Figure 1. The capsules were heated to the desired tem­
perature and their contents were mixed by rotating the 
entire furnace assembly. The temperature was measured by 
two chromel-alumel thermocouples which were located at the 
top and at the bottom of the capsules. The rotation of the 
furnace was stopped and the immiscible phases were allowed 
to separate. After a separation period of about six to 
eight hours, the capsules were quenched by forcing cold 
water through the stainless steel tube. The best results 
were achieved when water entered the tube from the bottom. 
In making up the capsules, approximately five to seven 
grams of zinc and eleven to fifteen grams of lead were used. 
The amount of solute which was used was governed by its 
solubility in zinc or lead. For instance, where the solu­
bility was extensive in both phases, as for gold and tin, 
the concentrations were correspondingly large. In these 
cases, it was possible to study the distribution of these 
metals as a function of concentration. In cases where 
the solubility was low, as with most metals, the maximum 
concentrations used were about 75 per cent of the solu­
bility limit. 
Figure 1. Schematic diagram of the quenching apparatus. 
A. Furnace 
B. Stainless steel tube 
C,D. Thermocouples 
E. Capsules with metals 
F,G. Capsule holders 
H. Heat baffle 
I. Thermocouple leads 
J. Screw cap 
K. Bolt 
L. Clamps to hold stainless steel tube 
to furnace 
M. Stainless steel rod 
N. Conax seal 
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B. Capsules 
The capsules were made of either Vycor or tantalum. 
Vycor was used with the metals which do not react with 
silica up to 700°C, e.g. Mn, Fe, Ni, Co, Cu, Au and Sn. 
Tantalum capsules were used to test their applicability 
to solute metals which react with Vycor. 
The Vycor capsules were about 10 cm long with a 1 cm 
outside diameter and a wall thickness of about 1 mm. The 
capsules were constricted to about 6 mm outside diameter at 
a point three centimeters from the bottom of the capsule. 
The reason for the constriction will be discussed in the 
section on Equilibration and Sampling. 
The tantalum capsules were 19 cm long, with a 6 mm 
outside diameter and a 0.25 mm wall thickness. Since tan­
talum oxidized readily at temperatures used in this inves­
tigation, the tantalum capsules were protected by inserting 
them into stainless steel capsules 8 mm outside diameter 
with a 0.25 mm wall thickness. Close contact between the 
steel and the tantalum was achieved by inserting the tan­
talum capsule into the stainless steel tube and swaging to 
7 mm. In order to minimize breaking of the welded ends of 
18 
the steel, the steel capsule was swaged with one end open. 
It was sealed by welding after the swaging operation. As 
opposed to the Vycor capsule, the metal capsules had no 
constriction. Figure 2 shows the sample capsules. 
C. Equilibration and Sampling 
1. Pipetting method 
The equilibration and sampling method using pipettes 
has been extensively discussed previously (1). The metals 
were placed in a quartz tube and heated to a desired temp­
erature. The molten metals were stirred by a glass tube 
which also served as a protection tube for a thermocouple. 
The sampling pipettes were then lowered to a position just 
above the melt and held there for about ten minutes to 
allow them to come to the temperature of the melt. They 
were then immersed into the respective layers with a slight 
positive argon pressure in them. The sampling tubes were 
held in the melt for an hour to allow for the separation of 
the phases, since the lead sampling pipette may carry some 
zinc into the lead phase. Sampling was carried out by 
applying suction to the pipettes. 
This method of sampling did not work as well for copper 
Figure 2. Sample capsules. 
A. Vycor 
B. Tantalum 
G. Stainless steel into which the tantalum 
capsule is inserted 
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as it did for silver. The reason is that the distribution 
coefficient for copper is larger than that for silver, i.e. 
the concentration of the solute in the lead phase is smaller 
in the case of copper, and a small fluctuation of the solute 
content found in the lead phase will affect the distribution 
coefficient of copper more than it will affect that of 
silver. The possible reasons for variation of the copper 
content are entrapment of the zinc phase as the lead sam­
pling tube goes through the zinc phase, and irihomogeneity 
of the lead sample after quenching. 
To reduce the problem of inclusion of zinc in the lead 
sample, a thin lead foil was wrapped around the lead sam­
pling tube before inserting it into the melt. It was hoped 
that the foil would remain intact while the tube went 
through the zinc phase. Although this seemed to increase 
the percentage of good samples, good samples of the lead 
phase were still obtained infrequently. 
Another potential source of difficulty was the layer 
of zinc oxide and droplets of zinc which formed on the top 
of the melt. It is possible that, in the process of insert­
ing sampling tubes, small droplets of zinc coated with zinc 
oxide were dispersed throughout the lead phase and were 
22 
included in the lead samples during sampling. To minimize 
the inclusion of oxide stabilized particles, ZnClg was 
added as a fluxing agent. The stirrer when withdrawn from 
the melt appeared surprisingly clean compared to its con­
dition in absence of ZnClg. Likewise, no metal or metal 
oxide adhered to the sampling tubes upon withdrawing them 
from the melt. In absence of ZnClg, the metal and metal 
oxide adhering to the sampling tubes amounted to one to 
three grams per pair of samples. The use of ZnClg was very 
beneficial in the determination of distribution coefficients 
of copper by the pipetting method and, in almost all in­
stances, good lead samples were obtained. 
It was necessary to analyse the entire sample pipetted 
from each phase since segregation of copper occurred upon 
cooling. Several samples of both phases were sectioned and 
analysed separately. Table 1 shows the pattern of segrega­
tion, where the sections of the sample are lettered alpha­
betically from the top. The zinc samples showed a fairly 
uniform distribution of copper. However, one observes that 
the copper concentration progressively decreases from top 
to bottom in the lead sample. From these results, it was 
concluded that segregation took place when the lead sample 
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Table 1. Segregation of copper in zinc and lead samples 
obtained by pipetting. 
Sample Phase Copper Zinc Wt . of 
number analyzed concentration concentration sample 
PPM weight in 
per cent grams 
la Zn 13.9x10+3 ___ 3.7 
b it 14.0 " — — — 4.5 
c rr 13.9 ,r — — — 4.1 
2a Pb 8.0 4.2 6.9 
b it 2.7 2.6 7.5 
c tr 2.4 2.4 12.0 
3a it 10.4 3.6 9.1 
b tr 4.8 2.8 9.4 
c it 1.1 2.4 9.6 
4a it 5.6 3.2 5.9 
b tr 6.4 3.6 6.4 
c ii 1.5 2.0 7.4 
d it 0.9 1.9 5.1 
solidified. Because of the appreciable variation of the 
copper concentration within the lead sample, the entire 
lead sample was dissolved and the copper concentration was 
calculated on this basis. It should also be noted that the 
zinc in the lead phase segregated exactly in the same manner 
as did the copper. 
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2. . Quenching method 
a. Vycor capsules The quenching method was used 
on all metals investigated including copper. For copper 
the method was applied above 530°C and also below this 
temperature in order to check the results obtained by the 
pipetting method. 
In the quenching method, samples were processed in the 
following steps. The capsules containing the metals were 
inserted in the stainless steel tube as shown in Figure 1. 
The stainless steel tube was adjusted so as to place the 
capsules in the center of the furnace. The furnace was then 
brought to temperature and, if necessary, the stainless 
steel tube was again adjusted until the thermocouples at 
the top and at the bottom of the capsules indicated the 
same temperature. The entire furnace assembly was then 
oscillated through an angle of 160°C, at a rate of one cycle 
per minute, for a period of 4-8 hours. The furnace was then 
brought to a vertical position and left there for a period 
of nine hours in order to let the two liquid phases separate. 
At intervals of three hours, the furnace was rotated once ; 
or twice in order to facilitate the separation of the phases 
as well as to collect the zinc which condensed at the top 
25 
of the capsule. Quenching was performed by attaching a 
hose to the bottom of the stainless steel tube which con­
tained the capsules and forcing cold water through it. 
Another hose was connected to the top of the stainless 
steel tube to allow the water escape into the sink. 
It was of interest to determine how fast the tempera­
ture changed both outside and inside the capsule during 
quenching. To determine this, a thermocouple close to the 
bottom of the Vycor capsule was connected to a "Mosley-
Autograph X-Y Recorder"" which plotted Emf vs. time. It 
was found that the temperature dropped from 600°C to 25°C 
in less than a second from the time of opening the water 
faucet. The cooling rate inside the capsule was determined 
by inserting a chromel-alumel thermocouple inside a lead 
sample in an open end Vycor capsule. The thermocouple was 
again connected to the X-Y recorder. Two determinations 
were made which showed that the lead solidified within 
three seconds after the time the water reached the capsule 
when quenched from a temperature of 610°C. 
As in the case of lead samples obtained by pipetting 
an experiment was performed to determine whether segrega­
tion of copper takes place in the lead portion of the 
26 
sample upon quenching. Lead, zinc, and copper were sealed 
in a Vycor capsule which was heated and rotated in the 
usual manner and quenched. The amount of zinc added to 
these capsules was slightly less than the solubility limit 
in lead, so that at temperature only the lead phase was 
present. After quenching the lead samples were sectioned, 
"a" being the top section. The results are summarized in 
Table 2. It can be seen that, in spite of the short time 
in which the sample solidified, the copper in the quenched 
lead samples was not uniformly distributed. The pattern 
of distribution of the copper in this case was the same as 
in the lead samples obtained by the pipetting method. 
These results suggest that, in order to measure the 
equilibrium concentration of copper in the lead phase, the 
entire lead sample should be used for analysis. However, 
in doing so one would run the danger of including some 
excess zinc from the zinc-lead interface. In order to solve 
the problem of finding incorrect copper concentrations due 
to either segregation or inclusion of zinc, the Vycor cap­
sules were constricted at one point to a diameter of 5 mm 
for the purpose of inducing complete solidification at this 
point before the bulk of the lead phase solidified. The 
27 
Table 2. Segregation pattern of copper in lead samples 
obtained by quenching. 
Number Wt. Cu/1 g Pb Wt. of sample 
analysed 
16a 9.46x10"5 g 0.883 g 
b 7.42 " 1.914 
c 7.17 ,r 3.587 
d 6.60 " 3.847 
e 6.43 " 3.672 
f 4.65 " 3.716 
17a 12«10xl0~5 g 2.916 g 
b 11.12 " 4.207 
c 10.48 " 4.160 
d 10.17 ,r 4.049 
e 8.20 " 3.731 
point of constriction was made far enough below the Zn-Pb 
interface to prevent zinc inclusion but high enough to have 
at least 75% of the lead phase below it. (cf. Fig. 2) 
The effect of the constriction was verified by inves­
tigating the distribution of copper in samples No. 25 and 
No. 27 which contained less zinc than the solubility limit. 
The samples were equilibrated, quenched and sectioned in 
such a manner that the section ira" constituted all of the 
sample above the constriction, whereas the sample below the 
constriction was sectioned in further parts designated by 
28 
"brr, trc", and "d,r. The distribution of the copper in the 
samples is shown in Table 3. It can be seen that although 
there is considerable variation in the various sections 
below the constriction, the average concentration of the 
copper in this part corresponds very closely to the average 
concentration of copper in the entire sample. For this 
reason all the Vycor capsules were prepared with a con­
striction. 
Table 3. Segregation pattern of copper in lead samples 
quenched in constricted capsules at 645°C. 
Number Copper, Wt. Pb analysed 
PPM in grams 
25a 54 5.7 
b 57 4.9 
c 51 5.5 
25 Total weighted average 54 16.0 
25 Average below constriction 54 10.3 
27a 51 6.5 
b 48 2.2 
c 52 3.9 
d 42 2.1 
27 Total weighted average 49 15.4 
27 Average below constriction 48 8.9 
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b. Tantalum capsules The equilibration and sampling 
procedure when using Ta capsules was exactly the same as 
that for the Vycor capsules. However, the tantalum capsules 
did not have a constriction as did the Vycor capsules. On 
the other hand, the better heat conduction of the metal 
capsules reduced the segregation of copper considerably. 
To avoid the effect of segregation on the analysis of the 
lead phase, the lead sample had to be cut off closer to the 
Pb-Zn interface although this introduced more risk of inclu­
sion of part of the zinc phase. 
3. Conclusion 
In comparing the two sampling methods, it can be stated 
that the pipetting method is an adequate method of sampling 
up to 550°C. In using this method, attention should be 
directed to preheating the sampling tubes before inserting 
them into the melt, using a flux, such as ZnClg, to improve 
the separation of the phases, and providing adequate stir­
ring of the melt. 
The quenching method is more versatile than the pipet­
ting method in that it is applicable to a wider range of 
temperatures and it can be used with metals which react 
30 
with silica. In addition, this method is much faster than 
the pipetting method. It should be pointed out that all 
methods of sampling have been tested on copper and the 
agreement of the results obtained from these methods is 
very good. 
D. Materials 
The zinc used in this investigation was cast slab zinc, 
99.99+% pure. For use in the pipetting method, it was cut 
into pieces which could be introduced into the quartz tube 
and the surface was cleaned by alternately immersing it in 
1-1 nitric acid and in water. The pieces were wiped with 
tissue and dried in a stream of argon. For use with the 
quenching method the zinc was poured into glass tubes of 
about 7 mm I.D. After solidification, the glass was broken 
away and the surface was cleaned by immersion in 75% nitric 
acid, washed with water, and dried with acetone. 
The lead was 99.98% pure and contained the following 
impurities: silver 0.0001%, copper 0.0003%, iron 0.0003%, 
total foreign metal 0.01%, arsenic 0.0001%. The granular 
lead was melted and cast into rods of appropriate size. For 
the pipetting experiments, the molten metal was cast into 
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19 mm diameter test tubes. After cooling to room tempera­
ture, the test tubes were broken away. The lead cylinders 
were pickled in hot dilute nitric acid solution and dried. 
For the quenching experiments the molten lead was poured 
into 7 mm diameter glass tubes. As before, after cooling 
the glass was broken away and the long lead sticks were cut 
to the desired size, pickled in hot dilute nitric acid 
solution, washed in water, and dried. It was found that 
the glass could be broken away from the lead very easily 
if the lead was first cooled in liquid nitrogen. 
The purity of all the other metals used in this inves­
tigation is shown in Table 4. 
Table 4. Purity of Metals . 
Metal Purity Impurities in PPM 
Cu 99.985 (Cuprovac-E,high purity,Vac. Metals Corp.) 
Au 99.999 Ag-1, Cu-5 
Mn 99.9-+ S-130, Fe-10, H-6, 0-200, N-102 
Fe 99.9+ C-300, 0-100, N-100, Ni-5, Si-2, Cu-2, Mg-
Co* 99.9 Ni-M, Mn-W, Si-W, Fe-VW 
Ni 99.9 Fe-400, Pb-5, Co-4 
Sn 99.999 Pb-0.6, Fe-0.3 
* Spectrographic analysis: M-moderate, W-weak, VW-very weak 
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E. Analysis 
1. Tin 
Analysis of tin in both phases was performed by a 
gravimetric method as described by Kolthoff and Sandell 
(16). The samples were dissolved in nitric acid which 
precipitated metastannic acid. The insoluble precipitate 
was filtered, ignited, and weighed. Ammonium iodide was 
mixed with the precipitate and the mixture was ignited 
again and weighed. This caused the stannic oxide to evap­
orate as stannic iodide. The difference between the two 
weighings gave the amount of stannic oxide. 
2. Copper 
A spectrophotometric method as described by Frank, 
Goulston, and Deacutis (17) and Diehl and Smith (18) was 
employed to determine copper. The metals were dissolved 
in nitric acid, the solution evaporated to dryness, and the 
residue redissolved in water. The pH was adjusted to about 
five with ammonium acetate. The copper in the solution was 
reduced to Cu(I) by a 10 per cent hydroxylammine hydro­
chloride solution which was passed through a Dowex-8 anion 
exchange column containing excess NOg ions. The latter 
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step was initiated in this analysis in order to replace 
the chloride ions by nitrate ions and thereby to prevent 
the precipitation of PbClg. Addition of neocuproine (2, 
9-dimethy1-1, 10 phenantheoline) produced a colored 
copper(I)-neocuproine complex which was extracted with 
chloroform. Absorbance readings were made with a Beckmann 
DU spectrophotometer at 457 M JA. , Both the zinc and the 
lead phases were analysed by this method. 
3. Gold 
Gold in the zinc phase was determined by a gravimetric 
method. The zinc sample was dissolved in dilute hydro­
chloric acid. The undissolved gold was filtered in a fine 
glass crucible and washed with hot water to remove zinc 
chloride. The crucible was dried and weighed. 
Gold in the lead phase was determined by a colori-
metric method as bromoaurate, as described by McBryde and 
Yoe (19). In this method, the lead samples were dissolved 
in dilute nitric acid and the remaining gold particles were 
filtered in a fine glass filter. The gold was dissolved in 
aqua regia, the nitric acid was fumed with perchloric acid 
and a solution of KBr and HC1 was added, which produced the 
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orange-colored bromoaurate ion. The absorbance was read 
with a Beckmann DU Spectrophotometer at 378 m . 
4. Manganese 
Manganese in both the lead and the zinc phases was 
determined colorimetrically as permanganic acid as des­
cribed by Diehl and Smith (20), Olson, Koch, and Pimentai 
(21), and Kolthoff and Sandell (16). The samples were 
dissolved in perchloric acid and fumed to near dryness. 
Nitric, phosphoric, and periodic acids were added to 
oxidize the manganese to the permanganate. Absorbance 
was read with a Beckmann DU Spectrophotometer at 525 m . 
5. Iron 
A spectrophotometrie method, as described by Margerum 
and Banks (22) and Fortune and Mellon (23), was employed 
to determine iron in both the lead and the zinc phases. 
The samples were dissolved in perchloric acid and the iron 
was reduced to Fe(II) by 10% hydroxy1-amine nitrate. Color 
was induced by 0-phenanthro line ; the iron-phenanthro line 
complex was extracted with nitrobenzene. Sodium sulfate 
was added to remove any traces of water from the nitro­
benzene. Absorbance was read with a Beckmann DU Spectro-
35 
photometer at 515 m y*, . 
6. Nickel 
The nickel in the zinc phase was determined gravi-
metrically as described by Banks and Hooker (24) and Voter 
and Banks (25). The zinc samples were dissolved in 
perchloric acid. Ammonium acetate was added as a buffer. 
The pH was adjusted to four with ammonium hydroxide. The 
nickel was precipitated as a heptoxime (1,2-cycloheptane-
cionedioxime) complex. The precipitate was dried and 
weighed. 
Nickel in the lead phase was determined spectrophoto­
me trie ally as described by McDowell et al.(26) and Hooker 
and Banks (27). The samples were dissolved in perchloric 
acid. Ammonium acetate was added to act as a buffer and 
to facilitate the extraction. Sodium fluoride was added 
to complex any iron present. The pH was adjusted to seven 
with ammonium hydroxide. A pink colored Ni complex was 
formed by adding 4-isopropyl-nioxime (4-isopropyl-l, 2-
cyclohexanedionedioxime). The Ni complex was extracted 
with xylene and the absorbance was read with a Beckmann 
DU at 383 m . 
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7. Cobalt 
The cobalt in the lead phase was determined spectro-
photometrically as described by Sandell (28). The samples 
were dissolved in dilute nitric acid. The solutions were 
evaporated to dryness and redissolved in water. The red 
colored cobalt complex was produced with Nitroso-R salt. 
Absorbance was read at 420 m j/s with a Beckmann DU Spec­
trophotometer . 
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III. RESULTS 
A. Tin 
The distribution coefficients of tin were measured 
over a range of temperatures and concentrations by the 
quenching method using constricted Vycor capsules. The 
results are listed in Table 5. The distribution coeffi­
cient is the ratio of the atom fraction of tin in zinc over 
the atom fraction of tin in lead. The solubilities of lead 
in zinc and of zinc in lead, which were needed to calculate 
the atom fractions, were assumed to be the same as the 
binary solubilities. These were estimated from the data 
reported by Rosenthal, Mills, and Dunkerley (29). For the 
concentration range which was studied, no dependence of the 
distribution coefficient on concentration could be detected. 
The temperature dependence of the distribution coefficients 
was expressed in the form 
log Kd = A + 
and gave a linear relationship when log Kd was plotted 
against 1/T, as is shown in Figure 3. The constants A and 
B and their standard deviations were determined by a least 
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Table 5. Tabulation of Results of Tin. 
Zn Pb 
No. Temp. Kj N N_ 
oc a Sn Sn 
1 451 .416 
2 465 .422 
3 tr .424 
4 it .463 
5 468 .428 
6 485 .500 
7 498 .473 
8 it .470 
9 503 .434 
10 541 .550 
11 566 .512 
12 H .593 
13 593 .546 
14 H .546 
15 » .561 
16 596 .636 
17 it .532 
18 614 .668 
19 638 .511 
20 668 .623 
6.57x10™3 1.58x10 
6.24 1.47 
10.27 2.42 
19.79 4.27 
8.85 2.06 
8.41 1.68 
8.76 1.85 
9.16 1.94 
7.54 1.73 
8.21 1.49 
8.25 1.61 
8.68 1.46 
9.06 1.65 
8.80 1.61 
9.98 1.78 
11.20 1.76 
9.47 1.78 
14.40 2.15 
9.84 1.92 
12.90 2.70 
squares calculation*: 
A = 0.3690 + 0.0635 
B = -536.0 + 51.33. 
* The calculation of the distribution coefficients, 
the constants A and B, and their standard deviations for 
all metals was performed by an IBM 704 computer. The pro­
gram was written in FORTRAN language and is given in the 
appendix. 
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Figure 3. Temperature dependence of distribution coefficients of tin. 
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From the slope of this line, the heat of transfer of tin 
from the lead phase to the zinc phase was calculated: 
*HT = - (2.303) (R) (slope). 
The value obtained was AH? = 2450 + 235 cal/mole. In 
addition, other thermodynamic functions of transfer were 
also calculated: 
2450 
— "p e.u. 
ASj = -1.688 -f - e.u. 
= 1.688 e.u. 
aFf = 2450 - 1.688(T) cal/mole 
Table 6 lists these thermodynamic quantities for several 
temperatures. 
Table 6. Temperature dependence of thermodynamic quan­
tities of tin. 
T°C *Ht ASt 6 
450 1.23 kcal 2.45 kcal 3.39 e.u. 1.70 e.u. 
500 1.14 " 3.17 1.48 
550 1.06 " 2.98 1.29 
600 0.98 " 2.81 1.12 
650 0.89 " 2.65 0.96 
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B. Copper 
Distribution of copper was studied as a function of 
temperature in the range from 451°C to 671°C and as a func-
Zn Zn 
tion of composition in the range from NQu = 0.0064 to NQU = 
0.0248. The data were obtained by five methods: pipetting 
method, pipetting method with ZnClg, quenching method with 
Vycor capsules without constriction, quenching method with 
Vycor capsules with constriction, and quenching method with 
tantalum capsules. The results are summarized in Table 7. 
At a given temperature, no concentration dependence of 
the distribution coefficient could be detected. The temper­
ature dependence of the distribution coefficient was expres­
sed by 
log Kd = A + B (1/T) + C(l/T)2. 
The constants A, B, and C and their standard deviations, 
calculated by a least squares method* are 
A = 9.7216 + 1.828, 
B = -1.6025xl04 + 3.0601xl03 and 
C = 8.2730xl06 + 1.2717X10&. 
* The calculation was performed by an IBM 704 computer. 
See appendix for the program. 
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Table 7. Tabulation of results of copper. 
Zn Pb 
No. Temp. Nqu NCu Method* 
C 
1 451 2685 16.15x10-3 0.60x10"5 4 
2 459 1450 12.86 0.88 1 
3 460 1555 16.43 1.05 4 
4 » 2080 16.82 0.81 4 
5 it 1810 16.87 0.93 4 
6 470 1460 9.13 0.63 4 
7 tr 1775 9.25 0.52 4 
8 it 1930 10.42 0.54 4 
9 487 843 10.14 1.20 2 
10 490 849 9.87 1.16 2 
11 492 710 22.94 3.23 1 
12 493 758 20.15 2.66 1 
13 494 775 7.94 1.02 1 
14 ÎI 788 7.99 1.01 1 
15 497 655 14.53 2.21 1 
16 499 471 11.03 2.34 2 
17 499 757 9.41 1.24 2 
18 500 606 9.97 1.64 2 
19 502 568 15.38 2.71 1 
20 503 853 13.49 1.58 4 
21 504 577 18.33 3.17 1 
22 505 642 21.42 3.34 1 
23 506 596 21.27 3.57 1 
24 506 586 16.19 2.76 1 
25 507 528 18.34 3.47 1 
26 520 375 13.69 3.65 1 
27 521 432 13.95 3.23 3 
28 527 409 23.16 5.66 1 
29 527 483 15.57 3.23 1 
* Method 
1 - Pipetting method 
2 - Pipetting method with ZnCl2 
3 - Quenching method, Vycor capsules 
4 - Quenching method, Vycor capsules with constriction 
5 - Quenching method, tantalum capsules 
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Table 7 (Continued) 
No. Temp. 
°C 
%d 
Zn 
NCu Methc 
30 527 455 14.30x10-3 3.14x10-5 1 
31 545 386 13,51 3.50 3 
32 tt 366 10.72 2.92 3 
33 It 296 13.06 4.41 3 
34 572 249 8.79 3.53 3 
35 It 177 13.53 7.65 3 
36 600 171 12.75 7.45 4 
37 tr 173 11.68 6.76 4 
38 ir 168 8.26 4.92 4 
39 602 142 6.40 4.50 4 
40 tr 140 17.39 12.41 4 
41 tt 176 22.41 12.76 4 
42 604 161 23.37 14.51 4 
43 tt 187 24.49 13.11 4 
44 it 166 24.82 14.92 4 
45 616 197 13.78 6.98 3 
46 629 139 10.33 7.41 4 
47 IT 113 11.11 9.83 4 
48 644 124 15.54 12.46 3 
49 667 167 16.29 9.73 4 
50 667 145 18.09 12.45 4 
51 tt 116 15.56 13.44 4 
52 tt 152 10.66 6.99 4 
53 It 109 16.57 15.12 4 
54 It 106 10.50 9.38 4 
55 II 80 14.15 17.56 5 
56 It 66 14.12 21.48 5 
57 ÎT 116 12.86 11.07 5 
58 669 139 12.01 8.59 4 
59 It 75 11.84 15.69 4 
60 671 76 15.13 19.80 4 
61 rr 122 14.86 12.17 4 
62 it 86 16.23 18.93 4 
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A plot of log Kj vs. 1/T is given in Figure 4. The equation 
for log K(j with three parameters gave a better fit to the 
data than an equation with two parameters. The Gauss crite­
rion (30) for closeness of fit was used to determine the best 
way of representing the data. In equation form, with n as 
the number of observed pairs and m the number of arbitrary 
parameters, the criterion is 
-Q = ^ " V) = a minimum, 
n - m 
where yQ and y are observed and calculated values of y re­
spectively. For a two parameter equation SÏ. = 0.011 and 
for a three parameter equation -O- = 0.007. 
The enthalpy of transfer of copper from the lead phase 
to the zinc phase was calculated from 
_ , d In Kd 
AH-p - RT dT » 
and was A-H? = 73.30 - 7.568x10^ (1/T) kcal/mole. The other 
thermodynamic quantities of transfer were calculated to be: 
& S,  7.330X104 . 7.568x10? e-u-
T T^ 
6# . -44.46 + 7.330x10^ 3.784x10? e.u, 
T T2 
£> S* = 44.46 - e.u. 
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Figure 4. Temperature dependence of distribution coeffi­
cients of copper. 
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_x _9 3.784x104 
A FT = -44.46x10 (T) -t- 73.30 -
kcal/mole. 
The thermodynamic functions at several temperatures are 
given in Table 8. 
Table 8. Temperature dependence of thermodynamic quantities 
of copper. 
—X —i —X 
Temp. 
°C 
A Ft AHT & sT A Sip A, S 
450 -11.19 kcal -31.3 kcal -43.39 e.u. -15.47 -27.92 
500 -10.00 -24.6 -31.82 -12.96 -18.80 
550 - 9.27 -18.6 -22.66 -11.26 -11.40 
600 - 8.86 -13.3 -15.32 -10.15 - 5.17 
650 - 8.74 - 8.6 - 9.39 - 9.45 + 0.94 
C. Gold 
Distribution coefficients of gold were determined by 
the quenching method using constricted Vycor capsules. The 
distribution was studied as a function of temperature in 
the range from 495°C to 668°C and as a function of concen­
tration of gold between = .011 and = .073 at 593°C. 
The results are summarized in Tables 9 and 10. 
47 
Table 9. Tabulation of results of gold. 
No. Temp. Kd NfS nJ* 
G corrected 
1 495 3150 1.28x10"2 4.94x10 
2 H 4160 1.32 3.95 
3 533 2050 1.22 6.82 
4 it  2585 1.27 5.85 
5 564 1320 0.673 4.80 
6 It 1050 0.966 9.59 
7 576 1150 0.852 7.62 
8 tr 1370 0.795 5.71 
9 578 1140 0.683 5.71 
10 it  1360 0.679 4.75 
11 593 1120 1.10 11.30 
12 613 710 0.747 10.20 
13 631 520 1.00 20.09 
14 II 536 0.833 15.52 
15 637 413 0.839 19.98 
16 638 363 0.916 25.41 
17 652 437 0.937 21.47 
18 668 410 0.799 19.31 
Table 10. Concentration dependence of the distribution 
coefficient of gold at 593°C. 
No. Temp. NA^ corrected 
°C U to 593°C 
11 593 1.10x10"2 11.3x10" 980 980 
19 If 1.95 26.3 741 741 
20 rr 3.74 61.2 612 612 
21 596 5.37 99.6 539 575 
22 Tf 7.34 140.9 521 557 
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Unlike the results with other metals, gold showed a 
concentration dependence of the distribution coefficient, 
as can be seen from Table 10 and Figure 5. At 593°C the 
distribution coefficient changes from 980 at = 0.011 
to 557 at = 0.073. 
The temperature dependence of the distribution coef­
ficient was expressed by 
log Kd = A + ^  
and gave a linear relationship when log was plotted 
against 1/T, as is shown in Figure 6. The constants A 
and B and their standard deviations, determined by a least 
squares calculation are 
A = -2.132 + 0.1998 and 
B = 4.402 (± .1708)xl03. 
From the slope of this line, the heat of transfer of gold 
from the lead phase to the zinc phase was calculated: 
A Hx = -20.1 + 0.8 kcal/mole. 
The other thermodynamic quantities of transfer are: 
AF, = 9.751X10'3(T) - 20.137 kcal/mole. 
&ST = - 2°j,140 e.u. 
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Figure 6. Temperature dependence of distribution 
coefficients of gold. 
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_i 20.140xl03 
A ST = 9.751 - e.u. 
A St = -9.75 e.u. 
Table 11 lists these thermodynamic quantities at several 
temperatures. 
Table 11. Temperature dependence of thermodynamic quanti­
ties of gold. 
Temp. AFj A HT AST A ST 
C 
450 -13.09 kcal -20.1 kcal -27.85 e.u. -17.10 e.u. 
500 -12.60 " -26.05 -16.20 
550 -12.11 " -24.47 -14.72 
600 -11.62 " -23.06 -13.31 
650 -11.14 " -21.82 -12.07 
Due to the concentration dependence of the distribution 
coefficients, they were calculated for a concentration of 
Zn 
N u^ = 0.0084. For a few of the distribution coefficients, 
the magnitude of change was about 20 per cent. This was 
the case with the four values at the lowest temperatures 
for which it was necessary to use larger concentrations of 
gold in order to facilitate its determination in the lead 
phase. For the other values, the change was insignificant 
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because the concentration was very close to N^u = 0.0084. 
The magnitude of change was estimated from Figure 5 on a 
per cent basis by calculating the per cent change of the 
distribution coefficient per atomic per cent. It was 
assumed that the concentration dependence of the distribu­
tion coefficient was the same at other temperatures as at 
593°C. 
D. Manganese 
Distribution of manganese was studied as a function of 
temperature in the range from 457°C to 673°C and as a func­
tion of concentration of manganese between = 0.023 and 
= 0.110 at 671°C, between = 0.026 and = 0.042 
at 588°C, and between = 0.026 and = 0.022 and = 
0.065 at 555°C. Distribution coefficients were determined 
by the quenching method using constricted Vycor capsules. 
The results are summarized in Table 12. 
At a given temperature, no concentration dependence of 
the distribution coefficient could be detected. The temper 
attire dependence of the distribution coefficient was ex­
pressed by 
log Kd = A + | 
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Table 12. Tabulation of results of manganese. 
No. Temp. 
°C 
*d %n 
1 457 221 2.38x10'2 10.74xl0-5 
2 H 266 2.29 8.59 
3 484 270 2.21 8.17 
4 513 178 2.25 12.68 
5 H 205 2.31 11.27 
6 555 157 2.17 13.84 
7 H ii 135 4.22 31.14 
8 n 131 6.55 49.82 
9 579 110 2.66 24.21 
10 588 75 3.25 43.33 
11 II 89 4.15 46.43 
12 11 96 2.69 28.13 
13 615 83 2.75 33.22 
14 638 64 2.36 37.10 
15 II 73 2.38 32.87 
16 649 77 2.74 35.71 
17 652 58 2.40 41.37 
18 671 60 2.36 39.19 
19 II 48 4.11 85.25 
20 II 49 6.69 137.20 
21 II 58 8.51 145.60 
22 II 52 11.01 212.90 
23 673 70 3.24 45.96 
and gave a linear relationship when log was plotted 
against 1/T, as is shown in Figure 7. The constants A and 
B and their standard deviations, determined by a least 
squares calculation are 
A = -0.6629 + 1047 and 
° c  
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Figure 7. Temperature dependence of distribution coefficients 
of manganese. 
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B = 2.283xl03 + 89.8. 
From the slope of this line, the heat of transfer of 
manganese from the lead phase to the zinc phase was cal­
culated; 
A % = -10.44 + 0.4 kcal/mole. 
The other thermodynamic quantities of transfer were 
calculated to be: 
AF* = 3.03X10"3(T) - 10.44 kcal/mole 
10.44xl03 
'T " -A Srp = - e.u. 
AS* = 3.03 - e.u. 
—X 
ilSj = -3.03 e.u. 
Table 13 lists these thermodynamic quantities at several 
temperatures. 
Table 13. Temperature dependence of thermodynamic quanti­
ties of transfer of manganese. 
TGGP- ^ ^ ^ HJ; 
450 -8.25 kcal -10.44 kcal -14.4 e.u. -11.40 e.u. 
500 -8.10 " -13.5 -10.40 
550 -7.95 " -12.7 - 9.65 
600 -7.79 " -11.9 - 8.93 
650 -7.64 " -11.3 - 8.28 
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E. Iron, Cobalt, and Nickel 
Distribution of iron, cobalt, and nickel was studied 
over a range of temperatures and concentrations by the 
quenching method using constricted Vycor capsules. The 
ranges of temperature and concentration are shown in Table 
14. 
Table 14. Temperature and concentration ranges of investi­
gation. 
Element Range of Range of Solubility 
Temperatures Concentrations in Zn at 
°C wt % in Zn 600°C wt % 
Fe 590 - 672 .12 - 1.8 .9 
Co 495 - 632 .28 - .76 1 
Ni 514 - 673 .40 - 1.9 3 
The solubility of each of the metals in the zinc phase 
is very small and, consequently, only relatively small con­
centrations in the zinc phase could be used. At these tem­
peratures and concentrations no iron, cobalt or nickel could 
be detected by ordinary analytical methods in the lead phase. 
In each case the limit of detection was about one part per 
million. The distribution coefficients of these three 
metals are therefore extremely high, with minimum values 
Kd = 10,000. 
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IV. DISCUSSION 
A. Introduction 
The study of the distribution coefficients of several 
metals between liquid zinc and liquid lead has shown that 
with the possible exception of copper the logarithms of the 
distribution coefficients vary linearly with reciprocal 
temperature. In addition, except for the case of gold, the 
distribution coefficients were found to be independent of 
concentration over the concentration ranges investigated. 
An attempt was made to correlate distribution coefficients 
with other properties of the distributing metal. A fairly 
good correlation was observed between the distribution 
coefficients and Hildebrand's solubility parameter. 
B. Temperature Dependence 
The logarithms of the distribution coefficients of all 
metals were plotted against the reciprocal absolute tempera­
ture, as shown in Figure 8. The results on silver are from 
work previously reported (2). It can be seen that the tem­
perature dependence of the distribution coefficients shows 
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a remarkable similarity. The distribution coefficients 
vary with temperature according to an equation of the type 
log = A + B/T. The magnitude of the distribution coef­
ficients which are larger than unity decreases with increas­
ing temperature. The magnitude of the distribution 
coefficients increases with increasing temperature for 
those which are less than unity. In comparing the slopes 
of the curves for the different metals, it appears that the 
magnitudes of the distribution coefficients at a given 
temperature are related to the magnitudes of the slopes. 
Generally, the larger the distribution coefficient at a 
given temperature, the larger the temperature dependence. 
There is reason to believe that, in spite of the 
statistical justification for using a nonlinear relationship 
for the variation of log Kd with reciprocal temperature, the 
data for copper should be fitted to an equation of the form 
log Kd = A + B/T as was done for the other metals. The 
validity of the three parameter equation depends princi­
pally on. a relatively few measurements at the highest and 
lowest temperatures. Due to the high distribution coeffi­
cients of copper, the concentration of copper in lead was 
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very small and small deviations caused either by analytical 
errors or by segregation have a considerable influence on 
the magnitude of the distribution coefficient. In addition, 
there is also some scatter of results at high temperatures 
which is most probably due to segregation. Quenching from 
higher temperatures allows a longer time for solidification 
during which time segregation of copper can take place, in 
spite of the constrictions in the capsules. The nonlinear 
relationship for copper shown in Figure 4 gives a curve with 
a slope which decreases as the temperature is increased. 
The critical temperature in the zinc-lead system, at which 
the immiscibility gap closes, is about 800°C. One would 
expect, therefore, that as this temperature was approached, 
the distribution coefficients would approach unity. This 
would require a slope that increased with increasing tem­
perature. The constants A and B of the equation log Kj = 
A 4- B/T were evaluated by deleting in the least squares 
calculation the distribution coefficients obtained by 
quenching methods below 470°C and the distribution coef­
ficients larger than 110 at 670°C. The linear relationship 
obtained in this manner is indicated by a broken line in 
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Figure 4. The constants A and B were calculated to be 
A = -2.22 + 0.08, B = 3900 + 67. In subsequent correla­
tions these constants will be used instead of those 
obtained from the equation log Kd = A + B/T + C/T2. 
A comparison of the distribution coefficients obtained 
in this investigation with those obtained by others can be 
made only for tin. Distribution coefficients of tin between 
liquid zinc and liquid lead have been determined by Sandon-
nini and Moro (31), who reported a value of 0.55 for the 
concentration range of 6.9 to 11.6 per cent Sn in Zn. The 
temperature at which the distribution coefficients were 
measured was not indicated so that an accurate comparison 
cannot be made with the distribution coefficients found in 
this investigation, which vary from 0.416 at 451°C to 0.623 
at 668°C. Qualitatively, the agreement is very good. 
The enthalpies of transfer were compared with enthalpies 
calculated from thermodynamic data available in the litera­
ture. The enthalpies of transfer of the solute from the 
lead phase to the zinc phase can be calculated from relative 
partial molar enthalpies of the solute metals in zinc and 
lead on the assumption that the relative partial molar 
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enthalpies are not affected by the mutual solubility of 
zinc and lead. It will be assumed, therefore, that 
A H(solute in pure Zn or Pb) = A. H(solute in Zn phase or 
Pb phase). This assumption seems to be reasonable since 
the distribution coefficients are usually not dependent on 
the concentration of solute, at least in dilute solutions. 
For example, if the copper dissolved in lead interacted 
with the small amount of zinc in the lead phase, the effect 
of this interaction should change as the amount of copper 
increased. In addition, the experimental enthalpies of 
transfer were not dependent on temperature, although the 
mutual solubilities of zinc and lead changed with changes 
in temperature. 
The relative partial molar enthalpy of tiii referred to 
pure liquid tin was determined by Kleppa (32) from calori-
metric measurements on tin-lead alloys. At 450° C, he 
obtained a value of AH =1.5 kcal/mole for Ngn = 0.02. 
The relative partial molar enthalpy of tin in zinc referred 
to pure liquid tin was determined by Taylor (33), Kleppa 
(34), Genot and Hagege (35), and Kubaschewski and Catterall 
(36), as summarized in Table 15. The values of these 
Table 15. Values of A H for tin (reference state pure liquid tin) given in the 
literature. 
Mole 
fraction _ 
Solvent Solute solute A H Temp. Method Reference 
Pb Sn .02 1.50 kcal 450°C Calo- Kleppa (32) 
rimetry 
Zn Sn .01 4.30 430-570°C E.m.f. Taylor (33) 
Zn Sn .01 4.93 525°C Calo- Kleppa (34) 
450°C 
rimetry 
Zn Sn .01 4.95 Calo- Genot (35) 
rimetry 
Zn Sn .01 4.50 500°C E.m.f. Kleppa (34)* 
Zn Sn .02 4.05 500°C E.m.f. Kleppa (34)* 
Zn Sn .01 , 4.32 440°C E.m.f. Kubaschewski 
*Kleppa's interpretation of Taylor's results. 
**Kubaschewski's interpretation of Taylor's results. 
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relative partial molar enthalpies ranged from 4.3 to 4.95 
kcal/mole. The enthalpy of transfer was calculated from 
these partial enthalpies and ranges from 2.8 to 3.8 kcal/ 
mole. In comparison to the calculated A the experi­
mental A Bp was 2.45 kcal/mole. 
The relative partial molar enthalpy of copper in lead 
was obtained by Kleppa and Weil (37) by a solubility method, 
from which they obtained a value of +6.6 kcal/mole for the 
reaction Cu(l) Cu(in liquid Pb). The relative partial 
molar enthalpy of copper was not given in the literature. 
A value was estimated graphically from the integral heats 
of mixing, from the compilation of Kubaschewski and Evans 
« 
(38), for the reaction of Cu(s) + Zn(s) ^  Cu*Zn(s). The 
relative partial molar enthalpy of solid copper in solid 
solution in zinc was about -9.6 kcal/mole. It was assumed 
that the partial molar enthalpy of liquid copper in liquid 
solution in zinc would be the same. The enthalpy of trans­
fer AHt was calculated as -16.2 kcal/mole. Compared to 
the experimental AH% of -17.8 kcal/mole, the agreement 
is very good. 
A summary of the calculated and experimental enthalpies 
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of transfer is given in Table 16. The enthalpies of trans­
fer for silver were taken from a previously reported com­
munication (2). The difference between the calculated and 
experimental enthalpies is about one kilocalorie. Consider­
ing that the calculated enthalpy of transfer is equal to 
the difference between two relative partial molar enthalpies, 
each of which may be in error by one kilocalorie, the agree­
ment between the calculated and experimental enthalpies of 
transfer is quite good. The good agreement supports the 
assumption that the relative partial molar enthalpies of 
the solute are not affected by the mutual solubility of 
zinc and lead. To a good approximation, the relative par­
tial molar enthalpy of the solute metal in pure zinc or lead 
is the same as the relative partial molar enthalpy of the 
solute in the lead phase or the zinc phase. 
Table 16. Comparison of experimental and calculated 
enthalpies of transfer. 
Metal AHj exp. A.H-J cal. 
in kcal/mole in kcal/mole 
Tin +2.45 2.6-3.4 
Copper -17.8 -16.2 
Silver -10.9 (-8.9)- (-11.7) 
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Due to lack of data on the go Id-zinc, lead-manganese, 
and the zinc-manganese systems, the enthalpy of transfer 
could not be calculated for comparison with the results of 
this investigation. Neither were there thermodynamic data 
available for iron, cobalt, and nickel in zinc or lead. 
C. Concentration Dependence 
For the concentration ranges which were studied, no 
dependence of the distribution coefficients on concentra­
tion could be detected except for gold. This showed that 
Henry1s law is obeyed by the solute metals in both liquid 
phases or that the deviations from Henry's law in each phase 
are so similar as to compensate. Considering the appreci­
able difference between the concentrations of the solutes 
in the zinc and lead phases, and the difference between the 
solute-zinc and solute-lead interactions, compensating 
deviations from Henry's law are very unlikely. 
In the exceptional case of gold, a concentration 
dependence of the distribution coefficient was observed. 
The binary solubility of gold in lead is much larger than 
is the solubility of gold in zinc. For example, at 500°C, 
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the solubility in lead is about 62 atomic per cent, whereas 
the solubility in zinc is about 10 atomic per cent. In 
spite of the higher solubility of gold in lead, gold goes 
almost quantitatively into the zinc phase rather than in the 
lead phase. Kleppa (39) reported that the enthalpy of mixing 
of gold-lead alloys is anomalous, as shown in Figure 9. It 
appears that the concentration dependence of the distribu­
tion coefficients of gold is caused by the gold-lead inter­
actions and the lack of conformity to Henry's law of dilute 
solutions of gold in lead. 
D. Correlations 
The excess entropies of transfer of the solute from 
the lead phase to the zinc phase have been calculated. It 
is unfortunate that very little data is available on excess 
entropies of binary solute-solvent systems with zinc and 
lead as solvents. In addition, very little is known even 
about the nature of excess entropies. The excess entropies 
of transfer which were calculated in this investigation are 
differences between the excess entropies of solution of 
metals in zinc and lead. These entropies were found to be 
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independent of temperature in all cases. The excess en­
tropies of transfer are for the most part very large and 
negative and seem to be related to the size disparity bet­
ween the solute metal and lead; for example, large excess 
entropies could be expected for large size differences 
between the solute metal and lead. The negative values can 
be explained by assuming that the excess entropy of solutions 
of solute in lead is much larger than the corresponding 
quantity in zinc. Aldred and Pratt (40) suggest that the 
mixing of atoms of different size may be expected to reduce 
the mean vibrational frequency and so give rise to positive 
excess specific heats. This will in turn be responsible 
for the positive excess entropies. 
The distribution coefficients of the metals were com­
pared to some of their atomic parameters. It was of interest 
to observe how these parameters, which affect binary solubil­
ities, affect the distribution coefficient. Some of these 
parameters are shown in Table 17 with the distribution 
coefficients and some of the thermodynamic properties. 
Particular attention has been directed towards the correla­
tion of distribution coefficients with the size of the 
Table 17. Correlation of distribution with atomic parameters. 
— —x 
Metal Kd 6 S^ Atomic Atomic Solubility Gordy 
5Q0°C kcal e.u. diameter volume parameter electroneg. 
Fe 10,000 
min. 
** * 2.47 7.1 118 1.75 
Co 10,000 
min. 
— — 2.49 6.66 124 1.70 
Ni 10,000 
min. 
™ — 
— - 2.50 6.59 124 1.80 
Au 3656 -20.1 - 9.75 2.878 10.2 91 2.30 
Cu 726 -17.8 -10.16 2.551 7.09 107 1.80 
Mn 195 -10.4 - 3.0 2.58 7.39 90-95 1.69-2.22 
Ag 30 -10.9 - 7.35 2.88 10.28 81 1.80 
Sn 0.47 + 2.45 + 1.69 3.01 16.26 66 1.61-1.75 
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solute metal. Three aspects of the size-dependent param­
eters have been chosen in this correlation: atomic diameter, 
atomic volume, and Hildebrand's solubility parameter, which 
is the square root of the ratio of the enthalpy of sublima­
tion and the atomic volume. In the first case, the atomic 
diameters of the solute were assumed to be the distance of 
closest approach of atoms in a close-packed configuration. 
It was assumed that as a first approximation the distance 
of closest approach at room temperature would be the same 
as at temperatures of the investigation. A plot of the 
logarithms of the distribution coefficients against the 
diameters of the solute metals is shown in Figure 10. The 
diameters of all metals, except manganese, have been taken 
from the Metals Handbook (41). The diameter of manganese, 
which has a complex cubic structure with 58 atoms per unit 
cell, was calculated by determining its volume per atom and 
then calculating the distance of nearest approach for a 
face centered cubic unit cell whose volume was four times 
the volume per atom of manganese. The calculated value was 
d = 2.585%. 
Logarithms of the distribution coefficients were 
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plotted also against atomic volumes (41), as shown in Figure 
11, and against Hildebrand's solubility parameters, which 
were taken from a compilation by Taetum, Gschneider, and 
Waber (42), as shown in Figure 12. It is significant that 
the best correlation was obtained from a comparison of dis­
tribution coefficients with solubility parameters. 
From the comparison of the distribution coefficients 
with atomic diameter, atomic volume, and solubility param­
eter, it appears that the distribution coefficients are 
strongly influenced by the size of the solute metal. A 
precise relationship cannot be specified for the dependence 
of the distribution coefficients on these factors. In 
order to do this more data should be accumulated on the 
distribution coefficients of other metals between liquid 
zinc and lead. However, in general, it can be stated that 
a metal whose size is closer to that of zinc would have a 
distribution coefficient much larger than unity, and a 
metal whose size is closer to that of lead would have a 
distribution coefficient equal to or less than unity. 
\ 
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V. SUMMARY 
The distribution coefficients of manganese, iron, 
cobalt, nickel, copper, tin, and gold have been determined 
as a function of temperature in the range from 450°C to 
650°C and as a function of concentration of solute metal 
over concentration ranges dependent on the solubility of 
the solute in zinc or lead. The distribution coefficients 
vary with temperature according to an equation of the type 
log Kd = A + B/T. The magnitude of the distribution coef­
ficients which are larger than unity decreases with increas­
ing temperature, and vice versa. Thermodynamic quantities 
such as AS.p, AS%, and AS^. for the transfer 
of solute from the lead phase to the zinc phase were calcu­
lated. The experimental enthalpy of transfer was compared 
to values calculated from data given in the literature and 
the agreement between the two enthalpies of transfer was 
found to be very good. 
Except for gold, no concentration dependence of the 
distribution coefficients of the metals was observed. This 
indicates that Henry's law is obeyed by the metals in both 
phases in the concentration range investigated. The 
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dependence of the distribution coefficient of gold on con­
centration is attributed to the anomalous behavior of gold 
in goId-lead solutions. 
Correlations of the distribution coefficients with 
atomic diameter, atomic volume, and Hildebrand*s solubility 
parameter indicate a strong dependence of the distribution 
coefficients on the size of the solute atom. In general, 
distribution coefficients increase with decreasing solute 
atomic diameter. 
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VIII. APPENDIX 
Programs have been written to fit the experimental data 
to the equations: log = A + B/T and log K<j = A + B/T + 
C/T^ by a least squares method. These programs calculate 
the distribution coefficients, the constants A, B, C, their 
standard deviations, and the residuals. The programs were 
written in FORTRAN language (43) and the symbols were de­
fined as follows: 
K - Number of problems 
N - Number of data points 
WX - Atomic weight of solute 
WZ - Atomic weight of zinc 
WP - Atomic weight of lead 
JOBNO - Job number 
JN - Job number 
Al - Weight per cent of solute in the zinc phase 
A2 - Weight per cent of solute in the lead phase 
ZN - Weight per cent of zinc in the lead phase 
PB - Weight per cent of lead in the zinc phase 
T - Temperature, °K 
XZN - Mole fraction of solute in the zinc phase 
XPB - Mole fraction of solute in the lead phase 
D - Distribution coefficient 
Y - Log D 
X. - 1/T 
DEVA - Deviation of A; ditto for DEVB, DEVC 
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Program I: log = A -t- ~ 
DIMENSION XZN(150),XPB(150),D(150),Y(150),X(150) 
10 FORMAT (3 7H1 TIN LINEAR LEAST SQUARES KONTRIMAS) 
IF(SENSE SWITCH 1)102,101 
101 CONTINUE 
WRITE OUTPUT TAPE 9,10 
GO TO 102 
102 PUNCH 10 
103 CONTINUE 
9 READ 11,K 
11 FORMAT (12) 
M - O 
12 READ 13,JOBNO,N,WX,WZ,WP 
13 FORMAT(212,3F6.2) 
EN=N 
sx=o 
SY=0 
SXX=0 
SXY=0 
IF(SENSE SWITCH 1)105,104 
104 CONTINUE 
WRITE OUTPUT TAPE 9,14,JOBNO 
GO TO 106 
105 PUNCH 14,JOBNO 
106 CONTINUE 
14 FORMAT(11H1 JOB NO.=12//) 
D018 1=1,N 
READ 15,JN,A1,A2,ZN,PB,T 
15 FORMAT(12,2E10.5,2F7.3,F3.0) 
XZN (I) = (A1*WP*WZ) / (Al*WP*WZ+WX*WZ*PBfWX*WP* (100.0-PB-Al) ) 
XPB (I) = (A2*WP*WZ) / (A2*WP*WZ-FWX*WP*ZN*WX*WZ* (100.0-ZN-A2) ) 
D (I) =XZN (I) /XPB (I) 
C=D(I) 
Y(I)=0.43429448*LOGF(C) 
X(I)=1.0/T 
IF(SENSE SWITCH 1)108,107 
107 CONTINUE-
WRITE OUTPUT TAPE 9, 16,XZN (I) ,XPB (I) ,D(I) ,Y(I) ,X(I) 
GO TO 109 
108 PUNCH 16,XZN(I) ,XPB(I) ,D(I) ,Y(I) ,X(I) 
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Program I (Continued) 
109 CONTINUE 
16 FORMAT(IH 5E13.5) 
IF(JN-J0BN0) 22,17,22 
17 SX=SX+X(I) 
SY=SY+Y(I) 
SXX=SXX+X(I)*X(I) 
18 SXY=SXY+X (I) *Y (I) 
B=(EN*SXY-SX*SY)/(EN*SXX-SX*SX) 
A=(SY-B*SX)/EN 
IF(SENSE SWITCH 1)111,110 
110 CONTINUE 
WRITE OUTPUT TAPE 9,19,A,B 
GO TO 112 
111 PUNCH 19,A,B 
112 CONTINUE 
19 FORMAT(IH 2E13.5) 
S =0 
D020 1=1,N 
20 S=S+(Y(I)-A-B*X(I))**2 
DEVY=0.675*SQRTF (S/ (EN- 2.0)) 
SX2=SX**2 
DEVA=SQRTF(SXX/(EN*SXX-SX2))*DEVY 
DEVB=SQRTF(EN/(EN*SXX-SX2))*DEVY 
IF(SENSE SWITCH 1)114,113 
113 CONTINUE 
WRITE OUTPUT TAPE 9,21,DEVY,DEVA,DEVB 
GO TO 115 
114 PUNCH 21, DEVY, DEVA,DEVB 
115 CONTINUE 
21 FORMAT(IH 3E13.5) 
M=MtiL 
IF(M-K)12,22,22 
22 REWIND 1 
CALL TAPE 
End(0,l,l,l,l) 
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B C Program II: log = A + ^  -F ^  
DIMENSION A(5,5) ,B(5,1) ,AA(5,5) ,BB(5,5) ,E(5) 
DIMENSION XZN(100),XPB(100),D(100),Y(100),S(100) 
10 FORMAT (32H1 COPPER QUADRATIC LEAST SQUARES) 
REWIND 1 
IF(SENSE SWITCH 1)102,101 
101 CONTINUE 
WRITE OUTPUT TAPE 9,10 
GO TO 103 
102 PUNCH 10 
103 CONTINUE 
9 READ 11,K 
11 FORMAT (12) 
M1=0 
12 READ 13,JOBNO,N,WX,WZ,WP 
13 FORMAT(212,3F6.2) 
EN=N 
IF(SENSE SWITCH 1)105,104 
104 CONTINUE 
WRITE OUTPUT TAPE 9-14,JOBNO 
GO TO 106 
105 PUNCH 14,JOBNO 
106 CONTINUE 
14 FORMAT(11H1 JOB NO.=12//) 
DO 19 L=l,5 
DO 19 J=l,5 
19 A(L,J)=0 
DO 18 1=1,N 
READ 15,JN,A1,A2,ZN,PB,T 
15 FORMAT(12,2E10.5,2F7.3,F3.0) 
XZN (I) = (A1*WP*WZ) / (A1*WP*WZ+WX*WZ*PB+WX*WP* (100.0-PB-Al) ) 
XPB (I)=(A2 (WP*WZ) / (A2*WP*WZ4WX*WP*ZNfWX*WZ* (100 . 0-ZN-A2) ) 
D(I)=XZN(I)/XPB(I) 
C=D(I) 
Y (I) =0.43429448*LOGF (C) 
X(I)=1.0/T 
IF(SENSE SWITCH 1)108,107 
107 CONTINUE 
WRITE OUTPUT TAPE 9,16,XZN(I),XPB(I),D(I),Y(I),X(I) 
GO TO 109 
108 PUNCH 16,XZN (I) ,XPB(I) ,D(I) ,Y(I) ,X(I) 
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Program II(Continued) 
109 CONTINUE 
16 FORMAT(IH 5E13.5) 
IF(JN-JOBNO)30,17,30 
17 A 4 3)=A(4,3)+X(I) 
A 5 3)=A(5,3)-fX(I)*X(I) 
A 5 4)=A(5,4)+X(I)**3 
A 5 5)=A(5,5)+X(I)**4 
A 1 3)=A(1,3)+Y(I) 
B 1 1)=B(1,1)+Y(I)*Y(I) 
A 1 4)=A(1,4)+X(I)*Y(I) 
18 A 1 5)=A(1,5)+X(I)*S(I)*Y(I) 
A 1 1)=1.0 
A 2 2)=l.O 
A 2 3)=1.0 
A 2 3)=1.0 
A 3 3)-EN 
A 3 4)=A(4,3) 
A 2 4)=A(3,4)/EN 
A 4 4)=A(5,3) 
A 3 5)=A(5,3) 
A 2 5)=A(3,5)/EN 
A 4 5)=A(5,4) 
B 2 1)=A(1,3)/EN 
B 3 1)=A(1,3) 
B 4 1)=A(1,4) 
B 5 1)=A(1,5) 
D025 1=1,5 
D025 J=l,5 
AA(I, J)=A(I, J) 
25 BB(I,J)=0 
D=1.0 
M=XSIMEQF (5,5,1,A,B,D,E) 
GO T0(31,34,37),M 
31 PUNCH 25,(A (1,1),1=1,5) 
26 FORMAT(IH 5E14.6) 
DO 27 1=1,5 
27 BB(I,I)=1.0 
D=1.0 
M=SXIMEQF(5,5,5,AA,BB,D,E) 
GO TO (28,40,43),M 
88 
Program II(Continued) 
28 PUNCH29,(AA(I,I),1=1,5) 
29 FORMAT(IH 5E14.6) 
DEVA=SQRTF(A(1,1)*AA(3,3)/(EN-3.0)) 
DEVB=SQRTF(A(1,1)*AA(4,4)/(EN-3. 0) ) 
DEVC=SQRTF(A(l,1)*AA(5,5)/(EN-3.0)) 
IF(SENSE SWITCH 1)111,110 
110 CONTINUE 
WRITE OUTPUT TAPE 9,32,DEVA,DEVB,DEVC 
GO TO 112 
111 PUNCH 32,DEVA,DEVB,DEVC 
112 CONTINUE 
32 FORMAT(IH 3E14.6) 
Ml-tMl+1 
IF(Ml-K)12,30,30 
30 CALL TAPE 
34 PUNCH 35 
35 FORMAT(22H A(I,J) OVER/UNDERFLOW) 
36 GO TO 30 
37 PUNCH 38 
38 FORMAT(14H A IS SINGULAR) 
39 GO TO 30 
40 PUNCH 41 
41 FORMAT(18H AA OVER/UNDERFLOW) 
42 GO TO 30 
43 PUNCH 44 
44 FORMAT (15H AA IS SINGULAR) 
GO TO 30 
END(0,1,1,1,1) 
